To examine CSF activity of the sawfly Mos, synthesized glutathione S-transferase (GST)-fusion sawfly Mos protein was injected into MI-resumed eggs in which MEK and MAPK were dephosphorylated. Both MEK and MAPK were phosphorylated again upon injection.
Introduction
The meiotic cell cycle generally is arrested twice during oocyte maturation in animals. The first arrest occurs at prophase of meiosis I and was resumed by hormonal stimuli, leading to germinal vesicle breakdown (GVBD) (Masui, 1985) . Meiosis is arrested again while eggs await fertilization. In most vertebrates, the stage of the second arrest is metaphase of meiosis II (MII), while it is metaphase of meiosis I (MI) in many invertebrates (Masui, 1985; Page and Orr-Weaver, 1997a) . The cytoplasmic activity responsible for metaphase arrest during egg meiosis is termed cytostatic factor (CSF), and hence the arrest is termed CSF arrest (Masui, 1996) . The molecular mechanisms of MII arrest in vertebrates have been 0925-4773/$ -see front matter Ó 2008 Elsevier Ireland Ltd. All rights reserved. doi:10.1016/j.mod.2008.08.004 studied and the regulatory cascade involved was identified (Masui, 2000; Nebreda and Ferby, 2000; Tunquist and Maller, 2003; Grimison et al., 2006; Liu et al., 2007; Madgwick and Jones, 2007) . MII arrest is established by consecutive cytoplasmic kinase activation and subsequent phosphorylation of proteins, such that the mitogen-activated protein kinase (MAPK) via the MAPK/extracellular signal-regulated protein kinase kinase (MEK). Mos protein, the product of proto-oncogene, c-mos, accumulated in maturing oocytes, has a central role to regulate CSF activity (Sagata et al., 1988) , and the regulatory cascade is termed the Mos-MEK-MAPK pathway (Tunquist and Maller, 2003) . The downstream factors of the pathway responsible for stabilization of the maturation-promoting factor (MPF) activity, such as p90 ribosomal S6 kinase (p90rsk) and Bub1 (budding uninhibited in benzimidazol 1) have also been identified in Xenopus laevis (Tunquist and Maller, 2003) . Recently, it was found in X. laevis that Erp1 (Emi-related protein 1)/Emi2 (early mitotic inhibitor 2), an inhibitor of the anaphase-promoting complex/cyclosome (APC/C) was the direct downstream target of p90rsk, and this pathway was required for the establishment and maintenance of CSF arrest (Inoue et al., 2007; Nishiyama et al., 2007) . In contrast, it was demonstrated in mouse that p90rsk is not necessary to establish CSF arrest (Dumont et al., 2005) , and Bub1 is required for neither establishment nor maintenance of CSF arrest (Tsurumi et al., 2004) . Nevertheless, Erp1/Emi2 was involved in establishment and maintenance of CSF arrest also in mouse (Madgwick et al., 2006; Shoji et al., 2006 ). The precise regulatory mechanisms downstream of the Mos-MEK-MAPK pathway are not parallel between these two vertebrates.
As Masui (2000) mentioned, one direction to understand evolutionary aspects of the regulation of animal egg meiosis is investigating and comparing the mechanisms of CSF arrest in both vertebrates and invertebrates; however, knowledge about the molecular mechanisms of MI arrest in invertebrates is limited due to the scarcity of systems or organisms appropriate to examine the mechanisms. Involvement of the Mos-MEK-MAPK pathway in egg meiosis has been demonstrated so far in only three invertebrate species: the starfish, Asterina pectinifera (Tachibana et al., 2000) , the fruit fly, Drosophila melanogaster (Ivanovska et al., 2004) and the jellyfish, Cladonema pacificum (Kondoh et al., 2006) . A prerequisite to examine events occurring at and around CSF arrest in eggs is the feasibility of artificial control of egg activation and/or fertilization. The starfish is one of the appropriate invertebrates with its easy manipulation of oocyte maturation by 1-methyladenine (1-MeAde) treatment (Kanatani et al., 1969) ; however, the artificial induction of oocyte maturation by 1-MeAde allows the meiotic cell cycle to proceed without MI or MII arrest, resulting in G1 arrest after completion of meiosis (Tachibana et al., 2000) . It was demonstrated in the starfish egg that meiosis is generally arrested at MI and its release was induced by an increase of intercellular pH (Harada et al., 2003) ; therefore, artificial induction of oocyte maturation in the starfish does not seem to accurately reflect natural MI arrest and release from arrest. On the other hand, insects in which egg meiosis is generally arrested at MI should be representative of invertebrates. Drosophila melanogaster is the most sophisticated model insect with its genetic and genomic backgrounds. It is possible to obtain a certain number of artificially activated eggs in which CSF arrest resumes (Mahowald et al., 1983; Page and Orr-Weaver, 1997b; Horner and Wolfner, 2008) ; however, the efficiency of obtaining normally activated eggs that have completed meiosis is about 50% (Page and Orr-Weaver, 1997b) , because only fully mature eggs complete meiosis upon artificial activation (Hatsumi et al., 2001) . Even in D. melanogaster, the mechanisms of CSF arrest have not been fully understood (Ivanovska et al., 2004) .
The hymenopteran species, such as the sawfly, serves as a good model to elucidate regulatory pathways involved in the MI arrest of insects. Arrhenotokous parthenogenesis is the general mode of reproduction in this group (Crozier, 1975) : unfertilized eggs develop parthenogenetically to haploid males, while fertilized eggs develop to diploid females. Parthenogenetic development could easily be induced by an artificial means in many sawfly species (Naito, 1982) . Nearly 100% of eggs dissected from female ovaries develop normally to haploid males only by immersing them in distilled water, whereas they remain in MI arrest as long as they are kept in saline (0.15 M NaCl) solution (Sawa and Oishi, 1989a) . It is practicable to obtain hundreds of eggs at the synchronized developmental stage. We focused on this advantageous feature of the sawfly, selected a member of this group, Athalia rosae and have developed this species as an experimental model (Oishi et al., 1993 (Oishi et al., , 1995 (Oishi et al., , 1998 .
In the present study, we demonstrated the involvement of the MEK-MAPK pathway in the meiotic cell cycle in A. rosae. The c-mos gene orthologue was cloned and its structure and expression pattern were analyzed. It was shown that the gene product, Mos protein, has potential function as the regulatory kinase for CSF arrest.
Results

Involvement of Mos-MEK-MAPK pathway in the egg meiotic cell cycle
The progression of the meiotic cell cycle in the eggs of the sawfly, A. rosae, was examined by cytological observation, visualizing chromosomes with 4 0 ,6-diamidino-2-phenylindole (DAPI) staining (Fig. 1) . Meiosis of mature unfertilized eggs was arrested at metaphase of the first meiotic division (MI arrest), as described previously in Sawa and Oishi (1989a) . MI arrest is resumed upon artificial egg activation and the homologous chromosomes separated to proceed to anaphase I (AI) about 20 min after egg activation. The first meiotic division completed about 40 min and the second division completed about 90 min after egg activation, respectively. Four meiotic nuclei (one female pronucleus and three polar body nuclei) were produced in an egg since meiotic divisions are generally not accompanied with cytoplasmic divisions in insects. The polar body nuclei fused and their chromosomes remained condensed, forming the rosette structure during mitotic (syncytial) divisions, as seen in eggs of the fruit fly, D. melanogaster Orr-Weaver, 1996, 1997b) (Fig. 1, inset ). In the animals so far examined, meiotic cell cycle arrest caused by cytoplasmic activity, termed cytostatic factor (CSF), is established by activation of mitogen-activated protein kinase (MAPK) via MAPK/extracellular signal-regulated protein kinase kinase (MEK) (Tunquist and Maller, 2003) . The level of phosphorylation of MEK and MAPK during A. rosae egg meiosis was monitored by immunoblotting using antiphosphorylated MEK (pMEK) antibody and anti-phosphorylated MAPK (pMAPK) antibody, respectively (Fig. 1) . Anti-pMEK antibody reacted with a 45 kDa polypeptide in mature unfertilized (MI-arrested) eggs but not in immature oocytes. The 45 kDa polypeptide became undetectable 40 min after egg activation and thereafter. Similarly, anti-pMAPK antibody reacted with a 44 kDa polypeptide in MI-arrested eggs. Anti-MAPK antibody which is detectable both phosphorylated and dephosphorylated forms of MAPK (phosphorylated form appears as a 44 kDa polypeptide and dephosphorylated as a 42 kDa polypeptide on SDS-polyacrylamide gel), detected a 44 kDa polypeptide in mature eggs and in eggs within 40 min after egg activation. The same anti-MAPK antibody reacted with a 42 kDa polypeptide when the 44 kDa polypeptide was not detected. The profile of phosphorylation and dephosphorylation was the similar as that of the 45 kDa polypeptide detected by anti-pMEK antibody. These 45, 44 and 42 kDa polypeptides represented, respectively, phosphorylated MEK, phosphorylated and dephosphorylated forms of MAPK in A. rosae eggs. We concluded that both MEK and MAPK were inactive in immature oocytes, while they were active by phosphorylation in MI-arrested eggs. Once MI arrest was resumed by egg activation, the phosphorylation of both MEK and MAPK was lost within 40 min.
To examine whether the phosphorylation of MAPK was mediated by MEK activity, MI-arrested eggs were treated with a MEK inhibitor, U0126. Phosphorylation of MAPK decreased gradually in U0126-treated eggs and was lost after 720 min of treatment ( Fig. 2A) . On the other hand, MAPK remained phosphorylated in control eggs incubated in DMSO/0.15 M saline solution less U0126 or in 0.15 M saline solution. Cytological examination revealed the resumption of MI arrest in U0126-treated eggs (Fig. 2B) . Condensed chromosomes of presumable polar body nuclei forming unique structure were observed in 53% of U0126-treated eggs (n = 215) after 720 min of treatment. The appearance of unique chromosome structure showed unequivocally that MI arrest was resumed and cell cycle proceeded to a further phase toward completion of meiosis (Fig. 2B, top, left) . In contrast, only a mass of metaphase chromosomes was seen in 95.4% of eggs incubated in DMSO/ 0.15 M saline solution without U0126 (n = 218) and in 94.7% of eggs incubated in 0.15 M saline solution (n = 170), indicating that MI arrest was sustained (Fig. 2B , top, right). Sustained MI arrest in these control eggs could be resumed when they were transferred to distilled water for artificial activation after incubation for 720 min in DMSO/0.15 M saline solution without U0126 or in 0.15 M saline solution. Unique condensed chromosome structures were observed in 92.3% of DMSO/ 0.15 M saline solution-treated eggs (n = 223) (Fig. 2B , bottom) and in 95.7% of 0.15 M saline solution-treated eggs (n = 161). Nuclei that apparently underwent several divisions, in addition to condensed chromosomes, were seen in about 30% of control eggs (Fig. 2B , bottom, right). Embryos apparently reached the syncytial blastoderm stage with thousands of nuclei migrated toward the surface were seen in DMSO/0.15 M saline solution-treated control eggs to a lesser extent (2 out of 223). These results indicated that the phosphorylation of MAPK was maintained through MEK activity during MI arrest, and inactivation of MAPK caused resumption of MI arrest. We concluded that the MEK-MAPK pathway was involved in maintaining MI arrest of A. rosae eggs.
Isolation and characterization of the sawfly c-mos gene orthologue
We then cloned the c-mos gene orthologue of A. rosae for functional analysis of its gene product, Mos protein, as a potential regulatory kinase upstream of the MEK-MAPK pathway. Short DNA fragments of about 150 bp in length were initially amplified in a combination of degenerate primer PCR and nested-PCR using primers corresponding to a wellconserved region of c-mos gene orthologue between the fruit fly (D. melanogaster) and the mosquito (Anopheles gambiae), and the A. rosae ovarian cDNA library as a template. Sequencing of 232 independent clones obtained from these DNA fragments revealed that the deduced amino acid sequences were aligned with known serine/threonine protein kinases. DNA sequences of 37 clones among them perfectly matched and showed extreme homology with the c-mos orthologue of D. melanogaster. The adjacent 5 0 and 3 0 regions of the clone were obtained by the rapid amplification of cDNA ends (RACE) PCRs. The cDNA finally obtained was 1281 bp-long, encoding 313 amino acids in a single open reading frame (ORF) with a predicted molecular mass of 34 kDa (GenBank Accession No. AB182488). The sequence of TTTTAAT, presumed cytoplasmic polyadenylation element (CPE) (Charlesworth et al., 2004) , was present near the polyadenylation signal in the 3 0 untranslated region (3 0 UTR). We also cloned presumed c-mos orthologous cDNA of the honeybee, Apis mellifera, by PCR-based method using primers designed to amplify the entire A. mellifera mos ORF. The cDNA was 1200 bp-long, encoding 316 amino acids (GenBank Accession No. AB183889).
Multiple alignment of deduced amino acid sequences obtained from A. rosae and A. mellifera with Mos proteins of D. melanogaster, the parasitoid wasp (Nasonia vitripennis), mosquitos (A. gambiae, Aedes aegypti and Culex pipiens), the flour beetle (Tribolium castaneum), the starfish (A. pectinifera), the African claw-toed frog (X. laevis) and the mouse (Mus musculus), revealed that they shared common characteristics of serine/threonine protein kinase, such as 11 catalytic subdomains, the ATP-binding GXGXXGXV motif and the Mg 2+ ionchelating DFG loop (Taylor and Radzio-Andzelm, 1994; Hanks and Hunter, 1995) (Fig. 3 ). All these Mos orthologues had a unique amino acid sequence of WQM/L located within the catalytic subdomain IX that was not found in other serine/ threonine protein kinases. We concluded that the cDNA obtained was the c-mos of the sawfly, A. rosae and termed Armos. Genomic region of the Armos gene was obtained by PCRbased methods (Fig. 4) . Armos ORF was interrupted with three short introns (57, 84 and 77 bp, respectively) (GenBank Accession No. AB182487). Each intronic sequence had GT at the 5 0 end and AG at the 3 0 end, indicating that all were spliced according to the GU-AG rule. Southern blot analysis using the DNA fragment covers the entire ORF, as a probe showed that Armos was a single copy gene (Fig. 4) . Genomic DNA was digested with EcoRI, HindIII and XbaI, respectively. Single EcoRI and no HindIII and XbaI recognition sites existed within the Armos genomic region. The probe detected two fragments (1.1 and 5.2 kb) in the EcoRI digest, one (9.0 kb) in the HindIII digest and one (7.5 kb) in the XbaI digest as expected, demonstrating the singularity of Armos unequivocally.
Expression of Armos
The expression profile of Armos was examined by Northern blotting, reverse-transcription PCR (RT-PCR) and in situ hybridization. Total RNAs were extracted, respectively, from embryos, 3rd instar larvae, female and male adults devoid of gonads, ovaries and testes. A single band was detected by Northern blotting only in the ovarian RNA sample (Fig. 5A) . The calculated length of the detected fragment was 1.4 kb and was in good agreement with that of Armos cDNA. RT-PCR using the primer set which amplify a short DNA fragment within Armos ORF gave an expected fragment only when ovarian RNA was used as a template (Fig. 5B) . The ovary-specific expression of Armos was plausible considering the function of the gene product, ArMos protein.
The spatial expression pattern of Armos in the ovary was identified by in situ hybridization using RNA probes on sectioned specimens (Fig. 6) . The ovary of A. rosae consists of typical polytrophic meroistic ovarioles that contain an alternating succession of oocyte and a nurse cell group in the same follicles (Hatakeyama et al., 1990) . Armos transcripts were detected in nurse cells and in the cytoplasm of maturing oocytes, neither in follicle cells nor in germinal vesicles. No signals were detected in control hybridization using the sense-strand probe. The results suggested that Armos was transcribed in nurse cells, and transferred to and accumulated in maturing oocytes to participate in meiotic cell cycle regulation.
Function of the sawfly Mos as a regulator of MEK-MAPK pathway
The CSF activity of ArMos was assayed by the injection of synthesized glutathione S-transferase (GST)-fusion ArMos protein (GST-ArMos) into one blastomere of two-cell-stage Xenopus embryos. The cleavage divisions ceased after a few divisions in the GST-ArMos-injected blastomere, while the other, an uninjected blastomere, continued dividing (Fig. 7) . When a blastomere was injected with synthesized GST protein alone as a control, the blastomere divided normally and developed into morula. The synthesized GST-ArMos protein had thus biological activity as the CSF. The same GST-ArMos protein was injected into A. rosae eggs after 50 min of egg activation, in such eggs MI arrest was resumed and both MEK and MAPK activities were completely lost. Embryonic development ceased in 74.6% of GST-ArMos-injected eggs (n = 303) before they reached the germ band elongation stage (48 h after egg activation). Similar results were obtained when GST- fusion starfish Mos protein, of which CSF activity had been demonstrated (Tachibana et al., 2000) , was injected into A. rosae eggs (67.5% cessation, n = 308). In contrast, about 77% of eggs receiving an injection of GST alone (n = 289) or buffer alone (n = 323) developed normally. The levels of phosphorylation of MEK and MAPK in GSTArMos-injected eggs were examined to confirm whether CSF activity of ArMos was mediated by activation of the MEK-MAPK pathway. GST-ArMos protein was injected into eggs after 50 min of egg activation as above. Both MEK and MAPK were phosphorylated again within 70 min of injection (120 min after egg activation). The phosphorylated state was sustained thereafter (Fig. 8A) . We then examined the state of nuclei in GST-ArMos-injected eggs 550 min after injection (600 min after egg activation) since authentic CSF activity induces cell cycle arrest at metaphase (Masui, 2000) . The stage corresponds to the syncytial blastoderm stage in normal development. Only several masses of condensed metaphase chromosomes were observed in 60.5% of GST-ArMos-injected eggs (n = 167) (Fig. 8B, top) . In contrast, 71.6% of eggs receiving an injection of GST alone (n = 74) developed normally to form syncytial blastoderms (Fig. 8B, bottom) . These results indicated that developmental cessation in GST-ArMos-injected eggs was caused by the MEK-MAPK pathway activated by the upstream regulator kinase, ArMos.
Discussion
Phosphorylation of mitogen-activated protein kinase (MAPK) mediated by MAPK/extracellular signal-regulated protein kinase kinase (MEK) is a reliable index representing cytostatic factor (CSF) activity. In the present study, we demonstrated the involvement of the MEK-MAPK pathway regulated by Mos protein in CSF arrest during oocyte maturation in the sawfly, A. rosae. Inactive (dephosphorylated) MAPK in immature oocytes was activated (phosphorylated) in mature, MI-arrested eggs and its activity was lost within 40 min after egg activation. Although MAPK existed in oocytes and eggs during oocyte maturation and after egg activation, the presence of its active form was associated with MI arrest unequivocally. Similarly, the phosphorylation of MEK seen in MI-arrested eggs disappeared upon egg activation. The state of phosphorylation of MEK and MAPK apparently correlated to the progression of meiosis, as demonstrated in other animals so far examined (Tachibana et al., 2000; Kishimoto, 2003; Tunquist and Maller, 2003; Kondoh et al., 2006) . Injection of synthesized Mos protein reactivated both MEK and MAPK activities that were once lost upon egg activation, and arrested mitotic (syncytial) divisions at metaphase.
Mediation of MEK on activation of MAPK was ascertained by inhibition experiments using a MEK inhibitor, U0126. Activity of MAPK was lost in U0126-treated eggs, while it took more time (about 720 min for complete loss) than when egg was artificially activated. It is assumed that eggshell (vitelline membrane and chorion surrounding an egg) interferes with the permeability of the reagent. Cytological observation by visualizing chromosomes revealed the resumption of MI arrest in U0126-treated eggs. Condensed chromosomes observed in U0126-treated eggs represent fused and condensed meiotic products. The appearance resembles the condensed chromosomes of fused polar body nuclei called the chromosome bouquet (Foe et al., 1993) or the rosette structure (Page and Orr-Weaver, 1997b; Ivanovska et al., 2004) , which are observed in embryos of D. melanogaster during syncytial divisions (Campos-Ortega and Hartenstein, 1985) . The possibility that condensed chromosomes are of the female pronucleus has not been ruled out. We consider however, that the peculiar chromosome structure is of fused polar body nuclei since it appears at the periplasm during early some syncytial divisions in embryos activated after incubation in DMSO/0.15 M NaCl solution or 0.15 M NaCl solution, as in normally developing embryos ( Fig. 1 and 2B, bottom, right) . In Drosophila, recondensation of polar body chromosomes takes place at the entry into first mitosis after DNA replication and is established by the function of maternally supplied spindle checkpoint kinases, Mps1 (monopolar spindle 1) and BubR1 (Bub1-related kinase). Mps1 and BubR1 accumulate strongly at the kinetochores of polar body chromosomes to prevent them from participation in syncytial divisions that occur inside the same cytoplasm (Fischer et al., 2004; Pé rez-Mongiovi et al., 2005) . Similar mechanisms must be present in A. rosae eggs.
Neither female pronucleus nor nuclei proceeding to syncytial divisions were observed other than condensed polar body chromosomes in U0126-treated eggs, suggesting that chromosomes of female pronucleus remaining decondensed after completion of meiosis. On the other hand, nuclei apparently proceeding to syncytial divisions, in addition to condensed polar body chromosomes, were present in control eggs activated after incubation in DMSO/0.15 M NaCl solution or 0.15 M NaCl solution (Fig. 2B, bottom, right) . Although U0126 treatment mimics egg activation in terms of the resumption of MI arrest by blocking the MEK-MAPK pathway, it bypasses the machinery that should be turned on upon proper egg activation. Translational activation of maternally provided transcripts in eggs is known in many animal species, and is stimulated by egg activation (Davidson, 1986; Tadros and Lipshitz, 2005; Vardy and Orr-Weaver, 2007b) . In Drosophila, translation of the maternal transcript of cyclin B is required for recondensation of chromosomes to enter syncytial divisions (Vardy and Orr-Weaver, 2007a) . We speculate that the protein level of cyclin B in U0126-treated eggs is not restored due to the absence of proper egg activation, resulting in withholding the female pronucleus from entering syncytial divisions. Some rounds of syncytial divisions occur in eggs activated after incubation in DMSO/0.15 M NaCl solution or 0.15 M NaCl solution, while few, if any, embryos develop further to the syncytial blastoderm stage. Prolonged incubation in these solutions might affect the quality of eggs to accomplish normal syncytial division. Nevertheless, CSF arrest is strictly regulated to be sustained until meiosis is resumed upon proper egg activation in such deteriorated egg conditions.
The Mos protein of A. rosae (ArMos) acts as the upstream regulator of the MEK-MAPK pathway as do the Mos of other animals. Developmental cessation in GST-ArMos-injected eggs is caused by metaphase arrest of syncytial divisions through activation of the MEK-MAPK pathway. In the present study, about 30% of eggs receiving GST-ArMos injection escaped the influence of CSF activity and continued embryonic development. The results are comparable with those obtained in Xenopus eggs in that cleavage arrest was induced in about 65% of embryos when synthesized Xenopus Mos was injected into a blastomere of two-cell stage embryos (Haccard et al., 1993) . The downstream regulatory cascade of the Mos-MEK-MAPK pathway remains elusive in A. rosae and in other insects. It was revealed in the starfish, the first case in invertebrates, that p90 ribosomal S6 kinase (p90rsk), the immediate downstream effector of MAPK, is required for CSF arrest (Mori et al., 2006) . Recent studies demonstrated in Xenopus eggs that p90rsk directly targets Erp1 (Emi-related protein 1)/Emi2 (early mitotic inhibitor 2), the egg-specific inhibitor of APC/C (Nishiyama et al., 2007; Inoue et al., 2007) . Erp1/Emi2 is synthesized after MI, just before CSF arrest at MII, phosphorylated by p90rsk and binds APC/C, resulting in the inhibition of cyclin B degradation Nishiyama et al., 2007; Inoue et al., 2007) . The finding of the involvement of p90rsk in the CSF cascade in the starfish suggests that p90rsk functions downstream of the Mos-MEK-MAPK pathway in other invertebrates. Although the molecule corresponding to Erp1/Emi2 has not been found in invertebrates, we assume that component responsible for inhibiting the activity of APC/C and stabilizing cyclin B functions in CSF arrest in insects.
It is reported that Mos is not essential for CSF arrest in Drosophila and the presence of unidentified redundant pathways to maintain CSF arrest is suggested (Ivanovska et al., 2004) . In contrast, our present results reveal that the Mos-MEK-MAPK pathway is involved in maintaining CSF arrest and the pathway seems to contribute to establish CSF arrest in A. rosae, although it remains to be investigated whether Mos is essential for establishing MI arrest in A. rosae. It is interesting that both MEK and MAPK are phosphorylated during prophase I in Drosophila oocytes, whereas they are not phosphorylated in immature oocytes of A. rosae. In addition, fecundity is greatly reduced in the mos mutant females of Drosophila due to induced apoptosis of ovaries. Apoptosis in young ovaries can also be induced by defects in meiotic progression (Nezis et al., 2000) . In Drosophila the Mos-MEK-MAPK pathway might rather contribute to the process leading to MI arrest, such as release from prophase I arrest.
Cloning the c-mos gene orthologue of the sawfly, A. rosae, revealed its unique characteristics in addition to its conserved structure and function. The gene product, ArMos, shared the characteristics of serine/threonine protein kinases seen in other animal Mos orthologues. During the course of study, we cloned a number of cDNAs encoding serine/threonine protein kinases (data not shown) and found a region discriminating Mos from other members belonging to the serine/ threonine protein kinase superfamily. The amino acid sequence of WQM/L located within the catalytic subdomain IX was highly conserved only among Mos orthologues. This region could be utilized as a tag to search Mos orthologues and we picked up presumed Mos from the genome database of the flour beetle (T. castaneum), the yellow fever mosquito (A. aegypti) and the house mosquito (C. pipiens), in which the open reading frame of c-mos gene orthologue has not been annotated. The last residue is usually methionine (M) in insects, while it is leucine (L) in dipteran species due to a nucleotide substitution at the first codon, adenine to cytosine, which takes place particularly in Diptera.
The c-mos gene was used for phylogenetic analysis, representing nuclear gene markers to resolve phylogenetic relationships among intermediately diverged taxa and to test phylogenetic hypotheses based on other sequences, such as mitochondrial and ribosomal RNA genes. For this purpose, the candidate gene should have features of a single copy, intron-less gene with a slower evolution rate (Graybeal, 1994; Saint et al., 1998) . Vertebrate c-mos genes satisfy such criteria and indeed utilized in the phylogeny of reptiles, birds and mammals (Townsend et al., 2004; García-Moreno et al., 2003; Giannini and Simmons, 2003) . Armos is a single copy gene, as revealed by Southern blot analysis; however, Armos has introns, although each is very short, as well as other invertebrate c-mos gene orthologues, the genomic structures of which were identified. Considering the presence of introns, invertebrate c-mos genes might not serve for phylogenetic analysis.
Armos transcripts were detected in both nurse cells and oocytes (Fig. 6) . The results indicated that the gene was expressed in nurse cells, and transferred to and translated in maturing oocytes supported by the structural feature of Armos, in which the presumed cytoplasmic polyadenylation element (CPE) existed near the polyadenylation signal within the 3 0 untranslated region (3 0 UTR). In vertebrates, c-mos gene transcripts receive translational regulation for timely synthesis of Mos protein during oocyte maturation (Gebauer and Richter, 1997; Mendez and Richter, 2001; Charlesworth et al., 2004) . It is convincing that the Armos gene is expressed exclusively in nurse cells, because many maternal-effect gene transcripts required for early embryogenesis behave similarly (Johnstone and Lasko, 2001 ). Interestingly, however, the expression pattern of the c-mos gene of D. melanogaster was in contrast to that of Armos. The Drosophila mos gene seemed to be expressed in follicle cells surrounding oocytes based on whole-mount in situ hybridization (Ivanovska et al., 2004) . It is plausible that follicle cells are the major sites of mos gene expression in Drosophila.
The major yolk protein (YP1, 2 and 3) genes of Drosophila are expressed mainly in follicle cells (Brennan et al., 1982) , while the major yolk protein (vitellogenin) genes of most insects are expressed in fat body cells (Raikhel and Dhadialla, 1992) . It remains unclear why c-mos genes having conserved functions are expressed differently between A. rosae and Drosophila. Functional analysis of individual genes is now available in A. rosae, utilizing genetic tools of transgenic technique and embryonic RNAi (Sumitani et al., 2003 (Sumitani et al., , 2005 . The remaining questions on CSF arrest in insects, such as the involvement of p90rsk, requirement of Mos and redundant pathways could be answered in further studies using the A. rosae system, and information comparable with those obtained in vertebrates will be provided.
4.
Experimental procedures
Animals
The laboratory stocks of the sawfly, A. rosae were maintained at 25°C under 16 h-light/8 h-dark conditions (Sawa et al., 1989) . Staging of females, oogenesis, procedure for obtaining mature unfertilized eggs and artificial activation of eggs were described previously (Sawa and Oishi, 1989a; Hatakeyama et al., 1990) .
Queens of the honeybee, A. mellifera were a gift from Dr. Kiyoshi Kimura of the National Institute of Livestock and Grassland Science. The queens were rinsed with ethanol to remove pollen, washed briefly with distilled water, frozen in liquid nitrogen and kept at À80°C until used.
Xenopus laevis purchased from Hamamatsu Seibutsu Kyozai (Hamamatsu, Japan) was maintained in a laboratory aquarium at 20°C. Two-cell stage embryos were obtained by inseminating ovulated eggs mixed with minced fresh testis, as described in Posada et al. (1993) .
Cytological examination of chromosomes
Eggs and embryos were fixed in 95% methanol. The fixative solution was replaced with a series of 75%, 50%, 25% methanol in phosphate-buffered saline (PBS, pH 7.4) and finally with PBS. Fixed eggs and embryos were then stained with 4 0 ,6-diamidino-2-phenylindole (DAPI) at a concentration of 0.5 lg/ml in PBS for 10 min, and washed twice with PBS. Stained samples were mounted on a slide glass with 10% glycerol in PBS and observed under a fluorescent microscope (Carl-Zeiss, Axioplan2).
Immunoblotting
Commercially obtained antibodies of rabbit anti-phosphorylated MEK (phospho-MEK1/2 antibody, Cell Signaling), mouse anti-MAPK (p42 MAP kinase 3A7 monoclonal antibody, Cell Signaling) and mouse anti-phosphorylated MAPK (p-ERK: sc-7383, Santa Cruz) were used as primary antibodies. The horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG and HRP-conjugated goat anti-mouse IgG (sc-2054 and sc-2055, respectively, Santa Cruz) were used as secondary antibodies.
A group of 20 immature oocytes or 10 eggs was homogenized in a plastic homogenizer with 100 ll of ice-cold sample buffer (Bio-Rad) and heat-treated at 95°C for 5 min. Ten microliters each of the sample (two immature oocytes or one egg equivalent per lane) was subjected to SDS-polyacrylamide gel electrophoresis (PAGE). Proteins separated were transferred to a Hybond-P membrane (GE Healthcare Bioscience) or an Immobilon-P membrane (Millipore) using a semi-dry blotting device (Bio-Rad, Trans-blot SD). The membranes were blocked with Tween 20-containing Tris-buffed saline (T-TBS: 20 mM Tris-HCl, pH 7.5, 137 mM NaCl, 0.1% Tween 20) that contained 2% blocking agent supplied in an ECL Advance detection kit (GE Healthcare Bioscience) for 12-16 h at 4°C. The membranes were incubated with primary antibody diluted to 1/5000-1/20,000 for 1 h at room temperature. These were rinsed with T-TBS and then incubated with secondary antibody diluted to 1/100,000-1/200,000 for 1 h at room temperature. Signals were detected by exposing on a Hyperfilm-ECL (GE Healthcare Bioscience) using an ECL Advance detection kit (GE Healthcare Bioscience) according to the supplier's protocol.
U0126 treatment
The MEK inhibitor, U0126 (Promega) was first dissolved in dimethyl sulfoxide (DMSO) at a concentration of 10 mM, and then diluted to 100 lM with 0.15 M NaCl. Mature (MI-arrested) eggs were soaked in the solution and incubated at 25°C. U0126-treated eggs were collected periodically and subjected to immunoblotting or cytological examination.
4.5.
Cloning of PCR products, DNA sequencing and sequence analysis Total RNA was extracted from ovaries dissected from 2-to 5-day-old A. rosae females by the acid phenol-guanidinium thiocyanate-chloroform method (Sambrook and Russell, 2001) . One microgram of poly (A)+ RNA purified from total RNA with an mRNA purification kit (GE Healthcare Bioscience) was used to construct the A. rosae ovarian cDNA library. Six micrograms of total RNA extracted from the abdomens of A. mellifera queens by using an RNeasy midi kit (Qiagen) was used for the A. mellifera queen abdominal cDNA library construction. Both cDNA libraries were constructed using a SMART RACE cDNA construction and amplification kit (Clontech). Genomic DNA was extracted from A. rosae females using a DNeasy tissue kit (Qiagen).
Degenerate primer PCR to obtain cDNA of A. rosae c-mos gene orthologue was carried out using primers corresponding to highly conserved amino acid sequences between the fruit fly (D. melanogaster) and the mosquito (A. gambiae) ( Table 1) . PCR was performed using the A. rosae ovarian cDNA library as a template with an Advantage 2 PCR kit (Clonetch) according to the supplier's protocol. For nested PCR, primary PCR products were diluted to 1/50 with distilled water and used as a template. PCR conditions were 95°C for 3 min, 30 cycles of 95°C for 30 s, 35-55°C for 35 s and 72°C for 2 min and finally 72°C for 10 min. The adjacent 5 0 and 3 0 regions were obtained by the rapid amplification of cDNA ends (RACE) methods (Sambrook and Russell, 2001 ) using gene-specific primers (Armos-713F and Armos-713R, Table 1 ) and the A. rosae ovarian cDNA library as a template. The DNA fragment encoding the entire open reading frame (ORF) and corresponding to the genomic region were amplified using primers of Armos-F and Armos-R (Table 1) , each sequence of which was located 73 bp upstream of the initiation codon and 143 bp downstream of the stop codon, respectively (see GenBank Accession No. AB182487). The c-mos orthologous cDNA of A. mellifera was obtained by a PCR-based method using the queen abdominal cDNA library as a template and the primers, Apismos-F1 and Apismos-R5 (Table 1) , designed based on DNA sequences presumed as coding regions of c-mos orthologue in the honeybee database (http://hgsc.bcm.tmc.edu/projects/honeybee/).
Each PCR product was examined by agarose gel electrophoresis, purified with a Nucleospin extract (Macherey-Nagel) and cloned into pCR 2.1 vectors using a TOPO TA cloning kit (Invitrogen). Clones were sequenced using a DYEnamic ET terminator cycle sequencing kit (GE Healthcare Bioscience) with M13 forward and reverse primers and analyzed with a DNA sequencer (Perkin Elmer, ABI Prism 377).
Homology search and multiple alignment of the sequences were performed using online computer software for BLAST (Altschul et al., 1997) and Clustal W (Thompson et al., 1994 
Southern blot and Northern blot analyses
Southern blot and Northern blot analyses were performed as described in Sambrook and Russell (2001) . Ten micrograms of genomic DNA was digested singly with EcoRI, HindIII and XbaI, and separated on agarose gels. The digests were trans- ferred to a Hybond N+ membrane (GE Healthcare Bioscience) and cross-linked using a cross-linking device (Hoefer, UVC500). For Northern blotting, total RNA was extracted and purified from 96 h embryos, 3rd instar larvae, 2-to 5-day-old adult males and females devoid of gonads, ovaries and testes using the RNeasy mini kit (Qiagen). Five micrograms each per lane was subjected to formaldehyde-containing agarose gel electrophoresis, transferred to a Hybond N+ membrane and cross-linked as described above. For both analyses, a DNA fragment covering the entire ORF was used as a probe. Labeling of the probe, hybridization, washing and detection of the signals were performed under high stringency conditions using a DIG DNA labeling and detection kit (Roche) according to the supplier's protocol.
Reverse transcription PCR (RT-PCR)
Total RNAs used as a template were obtained from embryos, larvae, male and female adults devoid of gonads, ovaries and testes, as described above. RT-PCR was performed using a One-step RT-PCR kit (Qiagen) with a Protector RNase inhibitor (Roche) according to the supplier's protocol. The primer sets used were Armos-F and Armos-R to amplify A. rosae c-mos gene transcripts, and ArEF1-LP and ArEF1-RP (Table 1) for amplification of a part of A. rosae elongation factor-1a gene transcripts (GenBank Accession No. AB253792) as a positive control.
4.8.
In situ hybridization
In situ hybridization was performed on the sectioned specimens. Ovaries dissected from 1-day-old A. rosae females were fixed with formaldehyde containing tissue fixative solution (STF-01, Genostaff), embedded in paraffin and sectioned at 6 lm of thickness. Sense and antisense RNA probes were prepared as follows. A DNA fragment corresponding to the C-terminal half of the ORF was amplified using primers of ArMos-ISH-Bam and ArMos-ISH-Pst (Table 1) , digested with BamHI and PstI, and cloned into pSPT19 vector (Roche) using a Ligation high (Toyobo). The inserted fragment was transcribed and labeled as described in Yamamoto et al. (2004) using a DIG RNA labeling kit (SP6/T7) (Roche). Hybridization, washing and detection were performed based on the procedure described in Hoshino et al. (1999) and Yoshida et al. (2001) .
Preparation of recombinant proteins
Glutathione S-transferase (GST) fusion A. rosae Mos protein (GST-ArMos) was prepared according to the methods described in Tachibana et al. (2000) . A DNA fragment corresponding to A. rosae c-mos ORF was PCR-amplified using the ovarian cDNA library as a template and primers (MosBamHI-F and MosBamHI-R, Table 1 ), to which a BamHI restriction site was added upstream of the initiation codon and downstream of the stop codon. The PCR product was digested with BamHI, purified and cloned into pGEX-4T-2 (GE Healthcare Bioscience) using a Ligation high (Toyobo). The expression vector to synthesize GST fusion starfish Mos protein (GST-ApMos) was previously produced by Tachibana et al. (2000) . The pGEX-2T (GE Healthcare Bioscience) was used to synthesize GST protein. Each protein was synthesized in BL21 Escherichia coli strain (GE Healthcare Bioscience), purified using glutathione sepharose 4B resin (GE Healthcare Bioscience), concentrated using Microcon (Amicon) to 500 lg/ml with buffer (20 mM Hepes, 88 mM NaCl, 7.5 mM MgCl 2 pH 6.8) as described in Tachibana et al. (2000) and kept at À80°C until used.
Microinjection
About 40-60 pl of solution in which synthesized protein was dissolved at a final concentration of 500 lg/ml were microinjected into the anterior end of A. rosae embryos based on the methods described previously (Sawa and Oishi, 1989b; Sumitani et al., 2003) . The embryos were incubated at 25°C. Some embryos were sacrificed periodically after injection for immunoblotting or cytological examination.
One blastomere of two-cell stage embryos of X. laevis was microinjected with synthesized protein following the procedure described in Vize et al. (1991) and Haccard et al. (1993) . The embryos were incubated at 20°C to allow further development.
